Summary Paragraph
N-methyl-D-aspartate receptors (NMDARs) are required to shape activity-dependent connections in the developing and adult brain [1] [2] [3] [4] [5] [6] . Impaired NMDAR signaling through genetic or environmental insults causes a constellation of neurodevelopmental disorders that manifest as intellectual disability, epilepsy, autism, or schizophrenia [7] [8] [9] . It is not clear whether the developmental impacts of NMDAR dysfunction can be overcome by interventions in adulthood. This question is paramount for neurodevelopmental disorders arising from mutations that occur in the GRIN genes, which encode NMDAR subunits [8] [9] [10] , and the broader set of mutations that disrupt NMDAR function. We developed a mouse model where a congenital loss-of-function allele of Grin1 is restored to wildtype by gene editing with Cre recombinase. Rescue of NMDARs in adult mice yields surprisingly robust improvements in cognitive behaviors, including those that are refractory to treatment with current medications. These results suggest that neurodevelopmental disorders arising from NMDAR deficiency can be effectively treated in adults.
One in 100 children are born with a neurodevelopmental disorder 11 , including diagnoses of autism spectrum disorder and pervasive developmental delay, which have a combined prevalence of 1/143 children 12 . Until recently, most children with global developmental delay were not given a more specific diagnosis that could predict treatment or long-term prognosis. Whole exome sequencing has revolutionized diagnostic assessment and has identified hundreds of genes that can cause intellectual disability and developmental delay through transmitted and de novo variants 13 .
Through whole-exome sequencing, a new syndrome called GRIN encephalopathy has been identified that is caused by mutations in one of the seven GRIN genes that encode subunits for NMDA-type glutamate receptors (NMDARs). Deleterious missense and nonsense variants in GRIN1, GRIN2A-D, and GRIN3A-B cause encephalopathies that are often first diagnosed as intellectual disability, global developmental delay, epilepsy, autism, and/or schizophrenia 14 . The variants are often de novo mutations that act as dominant negatives to reduce NMDAR function, although some variants lead to a gainof function by altered channel gating properties 14 . Regardless of the nature of the mutation, patients with these deleterious variants have a similar syndrome of intellectual disability, and additional symptoms such as epilepsy, autism, cortical visual impairment, and movement disorders 14 .
The identification of pathogenic variants in a GRIN gene allows for target-directed pharmacological treatments where approved drugs are available, but gene editing may ultimately be the most effective method to treat neurodevelopmental disorders. The most important question for the future application of this technology towards neurodevelopmental disorders is the timing of intervention. It has been assumed that intervention should occur as early in development as is medically feasible, that waiting risks irremediable damage, and that adults with these conditions are beyond the reach of medical treatment to improve cognitive function. However, these assumptions have not been stringently tested. Currently, there are many adults with these disorders that might also benefit from gene therapy, and it is unknown whether the developmental consequences of disease-causing variants can be reversed in adulthood.
The ability to reverse developmental insults is likely to depend on the nature of the insult. For example, while adult rescue of Rett Syndrome gene Mecp2 in mice reversed several phenotypes 15 , adult rescue of Shank3 in mice showed a more selective improvement to social behaviours 16 . Thus, it is conceivable that developmental insults to the NMDAR system cannot be overcome with adult intervention, considering the central role of this receptor. Indeed, NMDARs are required for the proper connectivity of developing sensory circuits in the thalamus and cortex [17] [18] [19] , for the establishment of both inhibitory 20 and excitatory 21 synapses, and for the patterning of neuron dendritic arborizations 22 .
Since there is strong evidence that NMDARs participate in many aspects of neurodevelopment, we asked whether developmental consequences of NMDAR deficiency could be reversed in adult mice. Specifically, we asked whether adult intervention could improve cognitive behaviours mediated by the cortex, since intellectual disability is a core symptom of patients with GRIN1 encephalopathy. GRIN1 encodes the essential subunit GluN1 that is present in all NMDARs, and null mutations of GRIN1 are lethal in humans 8 and in mice 17,23 . Considering the well-established role of these receptors in development and synapse refinement, it would be predicted that NMDAR deficiencies caused by GRIN1 mutations, in particular, would be refractory to adult intervention.
To directly answer whether the developmental consequences of NMDAR deficiency could be rescued in adults, we generated mice with a reversible hypomorphic mutation in Grin1, the essential subunit of all NMDARs. Our previous studies with a similar mouse model have shown that a 90% knockdown of functional NMDARs is achieved through the targeted insertion of a neo cassette in an intron of the Grin1 gene 24 . In the new model, we added loxP sites flanking the neo cassette to make inducible excision of the mutation possible, so that Cre recombinase could restore the locus to wildtype in a conditional manner ( Fig 1A,B ).
We intercrossed these mice with Rosa26-CreERT2 mice that ubiquitously express a tamoxifen-inducible Cre recombinase. We first identified the tamoxifen regimen that robustly induced Cre activity throughout the brain using a Cre reporter line (Rosa26-dTomato: Extended Data Figure 1 ). We then administered tamoxifen to all genotypes of mice at postnatal day 70 (PD70) and measured biochemical and behavioural endpoints at PD98 (4-week recovery). Four genotypes of mice were studied: Grin1 +/+ (WT), Grin1 +/+ :CreTg (WTCre), Grin1 flneo/flneo (Grin1 KD ), and Grin1 flneo/flneo :CreTg (Grin1 RESCUE ).
We determined that WT and WTCre mice had similar biochemical and behavioural phenotypes in all of the subsequent studies (Extended Data Figure 2 ), and thus experimental results for WT, Grin1 KD and Grin1 RESCUE mice were compared. Studies were performed with both male and female mice of equal number and powered to study the effect of sex.
We determined the extent of molecular recovery of Grin1 mRNA and GluN1 protein by FISH and IHC ( Figure 1C ), and the levels of NMDAR by radioligand binding (Extended Data Figure 3 ). Importantly for our experimental objective, we observed substantial rescue of Grin1 mRNA and NMDAR protein complex in the prefrontal cortex (PFC) of Grin1 RESCUE mice ( Figure 1C and Extended Data Figure 3 ), providing the ability to test whether cortical functions could recover from developmental NMDAR deficiency.
The extent of NMDAR recovery in the cortex was further determined through whole cell electrophysiological recordings from brain slices. Physiological recordings from layer V pyramidal neurons of medial PFC (mPFC) were performed ( Figure 2A ). Bath applied NMDA elicited an inward current in wildtype cells. This current was greatly attenuated in Grin1 KD mice; however, in Grin1 RESCUE mice NMDA-elicited current was restored to wildtype levels (Figures 2B,C). The differences in functional NMDARs occurred in the presence of largely similar intrinsic membrane properties (Extended Data Table 1 ).
However, capacitance was significantly larger in prefrontal neurons of Grin1 RESCUE compared to WT mice ( Figure 2D ). Accordingly, we analyzed the current density of the NMDA-elicited currents ( Figure 2E ; effect of genotype, F2,95=3.6, p=0.03) and found that Grin1 RESCUE mice also had greatly increased current density compared to Grin1 KD mice.
As further demonstration of NMDAR recovery throughout the PFC, the levels of synaptic GluN1 were determined by immunoprecipitation with anti-PSD-95 antibody and mass spectrometry. This procedure isolates the proteins that are part of the PSD-95 postsynaptic protein complex, and specifically the amount of GluN1 peptide IVNIGAVLSTR was determined relative to the intensity of PSD-95 peptides, to indicate the abundance of GluN1 protein at PFC synapses. As shown in Figure 2F , GluN1 peptide throughout the PFC was reduced in Grin1 KD mice and restored to wildtype levels in Grin1 RESCUE mice. Collectively, these results indicate that we achieved rescue of NMDAR deficiencies in the PFC and can test the ability of adult intervention to improve cognitive behaviours.
We studied several domains of cognition that are used as endophenotypes for autism and schizophrenia: habituation to a novel environment, sensory processing of acoustic startle, executive function, and social interaction. Although each of these behaviours relies on more than cortical function for their performance, previous studies have repeatedly demonstrated the critical role that the PFC plays in these cognitive tasks.
Indeed, cell-selective knockout of NMDARs in cortical neurons is sufficient to impair habituation, sensory processing of acoustic startle, and social interaction [25] [26] [27] .
Habituation to a novel environment requires the cortical and hippocampal processes of working and spatial memory to reduce exploration activity after a period of time 28,29 .
Habituation was quantified by calculating the habituation index (H.I.), which is the time required to reach half of the maximal locomotor activity using linear regression. For Grin1 KD mice, the calculated H.I. was more than 120 minutes, because their hyperactivity persisted to the end of the test. Grin1 KD mice showed initial hyperactivity relative to WT in the first 10 minutes of exploration, and 120 minutes later, these mutant mice continued to explore the arena with high levels of activity (extrapolated H.I.:
149.115.6 min; Figure 3A ). Grin1 RESCUE rescue mice also showed initial hyperactivity, but habituation was restored as indicated by a rate of habituation that was similar to WT mice (H.I.: WT 53.51.2 min, Grin1 RESCUE 64.43.2 min; Figure 3A , p>0.99, power=1.00).
Sensorimotor gating, which is modulated by cortical arousal circuits 30 , was measured with the paradigm of pre-pulse inhibition (PPI) of acoustic startle response (ASR).
Consistent with studies of the original knockdown mutation 31 , Grin1 KD mice exhibited robust deficits in sensorimotor gating at pre-pulse intensities of 4, 8, and 16 dB ( Figure   3B ). This indicated that the pre-cognitive ability to attenuate motor response to a startling sound was impaired. Importantly, Grin1 RESCUE mice showed a complete restoration of sensory processing in this test, with PPI levels that were similar to WT littermates ( Figure 3B , p>0.99, power>0.99).
Executive function was tested in the puzzle box test, which measures the ability of the mouse to overcome increasingly challenging obstacles and reach a goal box. Mice were first introduced to the arena with an open doorway leading to the goal, but on subsequent tests the doorway was blocked, and mice had to use an underpass or dig through bedding to reach the goal. Thus, the test measured goal-directed behaviour and cognitive flexibility to respond to different challenges 32 . Grin1 KD mice routinely failed the most challenging task of digging through bedding and performed markedly worse than WT in all trials ( Figure 3C ). Impressively, Grin1 RESCUE mice solved both challenges, and performed significantly better than Grin1 KD mice on all trials ( Figure 3C ). Indeed, in three of the seven trials, Grin1 RESCUE mice performed similar to WT mice. Thus, there were substantial improvements in executive function as assessed in the puzzle box test. This provides evidence that the cognitive deficits resulting from the brain having developed without the normal complement of NMDARs are amenable to treatment.
Affiliative social behaviour was studied by measuring the amount of time that a mouse spent investigating a novel C57Bl/6J mouse. The novel mouse was constrained in one area with a wire cage, and an empty cage was included in the arena to control for nonsocial investigation of the cage. As expected, social interaction was significantly impaired in Grin1 KD mice relative to WT ( Figure 3D ). Grin1 RESCUE mice displayed social interaction that was completely restored to WT levels (p>0.99, power=1.00).
Furthermore, Grin1 KD mutant mice showed excessive interest in exploring the arena and the empty cage as represented by the activity trace in Figure 3D , and the time spent per visit with the novel mouse was substantially reduced compared to WT ( Figure 3D ). Not only was the amount of time spent in social interaction normalized in Grin1 RESCUE mice, but the quality of social interaction appeared to improve, as demonstrated by the longer time spent with each visit to the novel mouse ( Figure 3D ).
We observed similar patterns of behavioural deficits in male and female Grin1 KD mice, and similar patterns of recovery in Grin1 RESCUE male and female mice in most tests.
There were notable sex differences in a select behavioural test, the puzzle box test, where female mice performed better than male mice irrespective of genotype (Extended Data Figure 4 ). It should also be noted that, in the puzzle box test, the female Grin1 RESCUE mice showed a greater improvement than male Grin1 RESCUE mice. Across both replications, however, there was significant and substantial improvement achieved in both sexes by the adult intervention.
Finally, we asked whether these behavioural improvements were replicable and robust.
In a new cohort of experimental and control mice, as illustrated in the schematic in Extended Data Figure 5 , we induced Cre-mediated rescue of Grin1 at PD70 as in the original paradigm but waited an additional month before testing the animals (8-week recovery). In this cohort, there was a similar degree of rescue in the level of NMDARs (Extended Data Table 2 ). Behaviourally, the Grin1 RESCUE mice showed significant improvement across all measures examined (Extended Data Figure 5 ), in a pattern consistent with the assessment in Figure 3 . This experiment shows that adult intervention can lead to replicable and robust cognitive improvement.
The knockdown of Grin1 results in viable mutant mice with robust deficits in cognitive behaviours that parallel the symptoms of GRIN1 encephalopathy 8 . Importantly, we did not find evidence of any deleterious effects from the postnatal upregulation of NMDARs.
As would be expected from successful rescue, the Grin1 RESCUE mice appeared healthier and were less reactive to handling after Cre induction. We found improvements in every aspect of behaviour that we examined.
Our results provide striking evidence of the plasticity of the adult brain, particularly in the prefrontal cortex. It is possible that very early interventions would provide a more complete recovery of some brain functions. However, our current results suggest that symptoms of intellectual disability, a consistent symptom of GRIN encephalopathies 14 , can be largely treated with adult intervention. This is surprising since cognitive impairments are refractory to current pharmacological treatment in patients with autism and schizophrenia 33 , two conditions associated with impaired NMDAR function 34 .
The prevalence of coding variants in GRIN1, or in the other GRIN genes, is unknown.
The first patients to be sequenced had diagnoses of epilepsy and intellectual disability 8 .
A recent whole-exome sequencing study reported that 7% of patients with autism or schizophrenia carry a predicted deleterious coding mutation in one of six GRIN genes (25/370 patients with schizophrenia, 15/192 patients with autism) 35 . There have also been numerous genetic and epidemiological studies supporting a causal role for NMDARs in several neuropsychiatric disorders. Thus, the significance of our findings is not limited to those patients who have been sequenced to date.
This study highlights the significant potential of therapeutic intervention in adult patients.
It demonstrates that a delay between symptom onset and treatment can be overcome.
The cognitive symptoms of neuropsychiatric and neurodevelopmental conditions caused by NMDAR hypofunction are amenable to treatment and show persisting improvement. The mature cortex has sufficient plasticity to recover from insults to this key developmental system, and adult intervention with the appropriate therapeutic agent should treat intellectual disabilities.
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MATERIALS AND METHODS

Generation of
Tamoxifen Administration
Tamoxifen was administered to all genotypes of mice (WT, WTCre, Grin1 KD , Grin1 RESCUE ).
Tamoxifen (T5648, Sigma-Aldrich, St. Louis, MO, USA) was administered via oral gavage (6mg, 20mg/ml dissolved in 100% corn oil at 65°C for 1 hour) on day 1 of treatment, and then mice were given tamoxifen chow (TD.140425, 500mg/kg, Envigo) ad libitum for 14 days. Following tamoxifen administration, mouse toenails were trimmed every two weeks to prevent the skin lesions that otherwise occur due to excessive grooming of Grin1 KD and Grin1 RESCUE mice.
Behavioural Testing
Male and female mice of equal numbers were used for behavioural testing. Diego, CA, USA). Background white noise was maintained at 65dB. PPI was measured in a 30min test with 80 randomized trials of: (1) 10 trials pulse alone (2) 10 trials pre-pulse alone (for each pre-pulse), (3) 10 trials pre-pulse plus pulse (for each pre-pulse), and (4) 10 trials no pulse. 5 pulse alone trials were performed before and after the 80 trials, totaling 90 trials per run. The pre-pulse (4dB, 8dB, or 16dB above 65dB background) was presented 100ms prior to the startle pulse (100dB above 65dB background). The inter-stimulus interval (ISI) was randomized between 5 and 20s. Experimental mice were placed in a cylindrical tube on a platform in a soundproof chamber. Mice were allowed to acclimatize in the chamber and to the background noise for 300s, followed by 5 consecutive pulse alone trials, then by 80 randomized trials (as described above) and then 5 consecutive pulse alone trials. Pre-pulse inhibition was measured as a decrease in the amplitude of startle response to a 100dB acoustic startle pulse, following each pre-pulse (4dB, 8dB and 16dB).
Harvesting Whole Brain Tissue
Mice were euthanized by cervical dislocation on the day subsequent to the last behavioural test.
Brains were removed and frozen in dry-ice chilled 2-methylbutane (Sigma Aldrich). Brains were stored in 5ml eppendorf tubes at -80°C before use in: radioligand binding, immunohistochemistry, western blot, in situ hybridization, and PSD-95 pull-down experiments.
Immunoflourescent detection of Cre recombinase activity
Mice carrying the ROSA26 tdTomato and ROSA26 CreERT2 alleles were generated and administered tamoxifen as described above. 
RNAscope Visualization of Grin1 mRNA
Expression of Grin1 mRNA in WT, Grin1 KD , and Grin1 RESCUE mice was visualized by fluorescent in situ hybridization largely following the RNAscope Multiplex Fluorescent Reagent Kit v2 protocol (ACD Bio; CA, USA). Frozen mouse brains (as described above) were processed with a cryostat to produce 20µm saggital sections at 1.2 mm from midline that were mounted onto 
Immunofluorescent Visualization of GluN1 Protein
Expression of GluN1 protein levels in WT, Grin1 KD threshold was applied for generation of images from different conditions. Adobe Photoshop (Adobe Systems, CA, USA) was used for composition, only contrast and brightness were adjusted to optimize the image quality.
[ 3 H]MK-801 Saturation Binding Assay
Prefrontal cortex and hippocampus were dissected from frozen brains (see previous section).
Each brain region was pooled from two separate animals (cortex from two separate mice were pooled for a single n within each genotype). Tissue was homogenized in binding buffer (20mM Filters were placed in 5mL scintillation fluid (Ultima Gold XR, Perkin Elmer) and allowed to incubate overnight. Radioactivity was quantified via liquid scintillation spectrometry 43 .
Postsynaptic GluN1 Peptide Levels
As previously described 44 , a mouse anti-PSD-95 antibody (Millipore, catalogue # MAB1596) was used to capture PSD-95 protein complexes from samples (3 male and 3 
Electrophysiological Recordings
Mice (WT, Grin1 KD , and Grin1 RESCUE at PD70) were administered chloral hydrate (400 mg/kg) and euthanized by decapitation. The brain was removed from the skull and cooled in oxygenated sucrose-substituted ACSF. The brain was blocked to obtain the anterior portion and coronal slices (400 µm) of the medial prefrontal cortex ( NMDA (30 µm; Sigma-Aldrich) was bath applied to assess NMDAR function. Application of APV (50 µM; Alomone Labs) confirmed the inward currents were mediated by NMDARs. The peak amplitude of the NMDA currents was measured using Clampfit software (Molecular Devices, CA, USA). The magnitude of NMDA-elicited inward currents was quantified by subtracting a 1 second average holding current at the peak from the average holding current at the baseline. Table 1 . Intrinsic membrane properties of layer 5 pyramidal neurons in medial prefrontal cortex.
Quantification and Statistical Analysis
Properties were assessed rapidly after obtaining whole cell configuration. The data is expressed as mean  SEM. Multiple comparisons one-way ANOVA with Bonferroni's post-hoc (*p  0.05 compared to WT). 
